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I n t e r e s t  i n  t h e  pe r iod ic  na tu re  of J u p i t e r  r a d i o  b u r s t s  
has  revealed t h e  s t r o n g  c o r r e l a t i o n  of Jovian a c t i v i t y  wi th  
t h e  p o s i t i o n  of both  t h e  s a t e l l i t e  I o  and t h e  c e n t r a l  meridian 
longi tude  of J u p i t e r .  To i n v e s t i g a t e  t h e  presence of f u r t h e r  
c o r r e l a t e s ,  we have computed a  complete survey of t h e  independent 
h min per iods  g r e a t e r  than  9 06 08'~'. T h i s  survey c o n s i s t s  of a 
periodogram i n v e s t i g a t i o n  of 131 072 t r i a l  per iods .  Further ,  
h m s  h m s  t r i a l  per iods  between 9 06 08 and 4  33 04 w i l l  be soon i n -  
ves t iga ted .  
One complexity of periodogram ana lys i s  of  J u p i t e r  da ta  
i s  the non uniform r o t a t i o n  of t h e  Jovian longi tude system. 
The jovocent r ic  r i g h t  ascension of t h e  e a r t h  in t roduces  a  
cons iderable  phase modulation i n t o  the  occurrence s t a t i s t i c s  
c o l l e c t e d  by a  t e r r e s t r i a l  observer.  While t h e  removal of th i s  
modulation i s  no t  d i f f i c u l t ,  t h e  process w i l l  des t roy  any pure ly  
t ime p e r i o d i c  component of t h e  occurrence s t a t i s t i c s ,  which i s  
t h e  p r i c e  of  r evea l ing  any c o r r e l a t e  wi th in  t h e  Jovian r o t a t i o n  
frame. 
S ince  t h e r e  a r e  two known c o r r e l a t e s  and t h i s  i n v e s t i g a t i o n  
seeks a  t h i r d ,  a  t h r e e  c o r r e l a t e  s t a t i s t i c a l  model should be 
used. However, t h e  c a l c u l a t i o n  t ime f o r  a  t h r e e  c o r r e l a t e  
model would be such a s  t o  discourage a  complete inves t iga t ion .  
Further ,  improvement i n  c a l c u l a t i o n  speed can be achieved by 
using occurrence t imes r a t h e r  than p robab i l i t y .  A proper  one 
c o r r e l a t e  periodogram r e q u i r e s  one t o  subdivide t h e  argument 
and c a l c u l a t e  both t h e  number of observat ions and t h e  number o f  
observed r a d i o  storbms from each i n t e r v a l .  If observing time 
i s  no t  evenly d i s t r i b u t e d  over t h e  argument a  b i a s  i s  introduced 
by us ing  storm t imes only.  This b i a s  i s  important when s h o r t  
observing i n t e r v a l s  a.re inves t iga ted ,  whereas t h i s  s tudy uses  
an observing ca ta log  so  ex tens ive  t h e  pe r iod ic  power of  t h e  
observing times i s  seve re ly  a t tenuated ,  except i n  t h e  immediate 
v i c i n i t y  of 24 hour and 400 day spurious responses.  Moreover, 
ignor ing  observing time w i l l  no t  decrease t h e  pe r iod ic  power, 
and i d e n t i f i c a t i o n  of peaks i n  t h e  pe r iod ic  power a r e  t h e  ob jec t  
of t h i s  i n v e s t i g a t i o n .  
Method 
Each storm i s  cha rac te r i zed  by a  s t a r t i n g  t ime, Ts, a dura t ion ,  
Td, and a  Jovocent r ic  r i g h t  ascension of t h e  e a r t h ,  JRAE. The 
phase of each event i s  then:  
where T l i g h t  i s  t h e  l i g h t  t ime t o  Jup i t e r ,  
and Tepoch i s  an 
a r b i t r a r y  time a t  which O = JRAE (Tepoch). Likewise t h e  phase 
dura t ion  of t h e  event i s  
For simplici ty,  tile data a r e  stored i n  the  computer a s  T = Ts - 
Tl igh t  - Tepoch' D = T and J = (64/2n) JRAE so t h a t  when. the  d ' 
phase argument is  broken i n t o  64 c e l l s ,  the  c e l l  a t  the  observation 
s t a r t ,  N, i s :  
64m a n = (64w/2rr)T - J + 1 / 2  where n  < 64, an in teger  
m, an in teger  
and the  d u ~ a t i o n  [ in  ce l l s )  i s  
I n  p rac t ice  T, D and J a re  packed i n t o  one computer word and 
unnormalized mul t ip l i es  perform the  modulo operations. When N 
has been calculated,  posi t ion N and K - 1 thereaf te r  i n  the  64  
c e l l  histogram a r e  incremented by one. The r e s u l t  i s  a  histogram 
of storm occurrence vs. phase of the  t r i a l  period i n  a  jovocentric 
ro t a t i ng  coordinx&e system. When a l l  t he  data have been entered 
i n  t h i s  way, t he  mean and variance of the  histogram a re  calculated,  
and the  quotient  of the  variance divided by mean squared i s  saved 
together with t h e  magnitude of the  t r i a l  period. This quotient  
may be calculated 
This quant i ty  i s  an estimate of the  power present  a t  the 
t r i a l  per iod and i t s  harmonics. The n t h  harmonic i s  weighted, 
due t o  t h e  f i n i t e  number of c e l l s  i n  t h e  histogram, by t h e  
funct ion:  
m (n) = s i n  (nn/6 4@/6 4 
Thus t h e  presence i n  t h e  periodogram of t h e  32nd harmonic i s  
diminished by 2/*. 
The s i g n i f i c a n c e  of t h e  amplitude of t h e  periodogram a t  a 
given t r i a l  per iod i s  not  q u i t e  a s  simple a s  t h e  i n t e r p r e t a t i o n  
of t h e  amplitude of t h e  f o u r i e r  transform of t h e  storm s e r i e s  
s i n c e  unl ike  t h e  transform, t h e  periodogram a l s o  responds a s  
mentioned above t o  harmonics of t h e  t r i a l  per iod.  The concept 
of duty cyc le  i s  app l i cab le  t o  t h e  periodogram i n t e r p r e t a t i o n .  
F i r  a given number of c e l l s ,  n,  t h e  da ta  obviously can be no more 
ordered than  t o  a11  occur i n  one c e l l ,  which would i n d i c a t e  a 
maximum duty cyc le  of l/n. If we l e t  p be t h e  periodogram 
response t h e  equivalent  duty cyc le  i s  l / (p  + 1 ) .  To s impl i fy  
t h e  c a l c u l a t i o n ,  t h e  periodogram r e s u l t s  were saved a s  i n t e g e r s  
a f t e r  mul t ip ly ing  D/x2 by 512. Hence, t h e  equivalent  duty cyc le  
i s  given by 512/(512 + p) .  The da ta  s e t  used f o r  t h i s  periodogram 
i s  probably t h e  first with s u f f i c i e n t  observing time t o  show a 
s t ronger  response t o  J u p i t e r  than t h e  d i u r n a l  per iod.  The equivalent 
duty cyc le  of  t h e  response t o  J u p i t e r ' s  r o t a t i o n  per iod  i s  47% 
while  t h a t  due t o  t h e  d i u r n a l  per iod i s  52%. The duty cyc le  
i n t e r p r e t a t i o n  i n d i c a t e s  t h a t  t h e  histogram which r e s u l t s  when 
t h e  t r i a l  per iod is  t h e  r o t a t i o n  period of  J u p i t e r  has  t h e  same 
r a t i o  o r  r . m . s .  t o  mean a s  a histogram i n  which J u p i t e r  were 
always observed a c t i v e  i n  47% of  t h e  c e l l s  and always i n a c t i v e  
i n  t h e  remaining c e l l s .  
Data 
The da ta  employed i n  t h i s  survey i s  a l l  from o b s e r v a t i o ~ l s  
a t  22.2 MHz. The bulk  o f  i t  i s  t h e  Yale observa t ions  from t h e  
appa r i t ions  of 1958 t o  1965 inc lus ive .  Also included a r e  
1956 Kodaikanas 1962 t o  1965, Goddard 1965 & 1967, and Carnavon 
1967. The t o t a l  observing time i s  12318 hours.  Storm time i s  
641 hours, t h e  observing i n t e r v a l  i s  4152 days; t h e  c e n t e r  
of observa t ions  is  20 November 1963. During t h i s  per iod  t h e  un- 
biased 2 c o r r e l a t e  occurrence p r o b a b i l i t y  was 5.06 i 0.16%. 
Analysis o f  Periodogram 
The periodogram conta ins ,  a s  expected, l i t e r a l l y  hundreds 
of responses.  Many a r e  produced by heterodynes between t h e  known 
p e r i o d i c i t i e s  p resen t  i n  t h e  da ta .  The per iods  o f  10, Earth,  
J u p i t e r  r o t a t i o n ,  J u p i t e r  synodic year ,  and J u p i t e r  o r b i t a l  
per iod a r e  a l l  c l e a r l y  p resen t .  To a s s i s t  t h e  i d e n t i f i c a t i o n  of  
expected spur ious  responses,  a l a r g e  l is t  of expected heterodynes 
was ca lcu la t ed  and s o r t e d  by per iod .  The frequency a t  which w e  
expect such a response i s  given by: 
where v 1-0, v & ~  "q are t h e  mean synodic f requencies  of  I o ,  Earth 
and J ~ l p i t e r ,  v t h e  frequency of  t h e  Jovian Synodic Year, and v 
S Y  N 
t h e  frequency of J ~ x i t e r ' s  o r b i t a l  per iod.  A l l  spur ious  responses 
were ca l cu la t ed  up t o  and inc luding  order  8, where t h e  order ,  0 i s  
ca lcu la t ed  I 
These spur ious  responses were saved, and t h e  periodogram 
scanned f o r  peaks, t h e  p o s i t i o n  of which a r e  saved. F i n a l l y  
we w r i t e  an  ordered l i s t  of both spurious and observed responses.  
Analysis t o  d a t e  has  been l imi t ed  t o  manual scans of  t h i s  
l ist .  The l i s t  c m T a i n s  over a thousand peaks. Figure 1 (a t o  EL) 
i s  an example of  s e v e r a l  s t rong  responses.  This s e r i e s  i s  t h e  
J u p i t e r  subharmonies from 1 (the  fundamental) t o  8. The spectrum 
p l o t t e d  he re  r e p r e s e n t s  l e s s  than  1% of  t h e  periodogran survey. 
The f e a t u r e  o f  Figure 1 most r e a d i l y  apparent i s  t h a t  a l l  
spurious p r e d i c t i o n s  co inc ide  wi th  observed f e a t u r e s  and almost 
a l l  observed featm-es co inc ide  w i t h  p red ic t ions .  
One must employ some cau t ion  when claiming t o  a s s o c i a t e  an 
observed response and an a r t i f i c i a l l y  generated spurious response,  
Clear ly,  w e  may choose a l i m i t i n g  order  of spur ious  response 
s u f f i c i e n t l y  h igh  to assu re  a nea r  continuum of spur ious  responses 
and thus  al low eve'lry observed response t o  be a s soc ia t ed  wi th  a 
spurious response. Conversely, we may choose an o rde r  s u f f i c i e n t l y  
low t o  l eave  many 'MnewT' p e r i o d i c i e s  t o  be announced'. Resolut ion 
of t h i s  problem lles i n  t h e  development of a technique t o  p r e d i c t  
t h e  magnitude of a given response, and t o  compare t h e  r e s u l t i n g  
predic ted  periodogram t o  t h e  observed r e s u l t s .  This p r e d i c t i o n  
must s a t i s f y  most of  t h e  observat ions repor ted  here ,  and thus  
a f u r t h e r  d iscuss ion  of t h e  gene ra l  n a t u r e  of t h e  periodogram 
i s  i n  order .  
The periodogram d i sp lays  s e v e r a l  i n t e r e s t i n g  f e a t u r e s :  
1) Low order  expected spur ious  responses a r e  no t  always seen. 
2) There a r e  s e v e r a l  l a r g e  responses which a r e  not  explained 
as spurious responses t o  known p e r i o d i c i t i e s  t o  o r d e r  8 a s  defined 
above. 3) There a r e  many weaker peaks i n  t h e  periodograrn, and 
gene ra l ly  these  a r e  q u i t e  narrow, sugges t ing  a s s o c i a t i o n  wi th  
high order  spur ious  responses.  4) The r a t i o  of  t h e  magnitude 
of t h e  7rdouble s i d e  band" modulation due t o  t h e  400 day synodic year 
term v a r i e s  considerably between d i f f e r e n t  low o rde r  spurious 
responses.  
A l l  spurious responses of  o rde r  3 o r  l e s s  were scanned t o  
check f o r  t h e  expected peak. O f  93 such spur ious  responses 48 
o r  about h a l f  were n o t  seen. O f  t hese ,  35 a r e  negat ive  f requencies ,  
4 a r e  second order  i n  synodic year  and 6 a r e  synodic year  - ea r th  
products.  The remaining t h r e e  a r e  2 e a r t h  minus 10; and t h e  
first subharmonic of 10 synodic year ,  and Earth minus 10. 
Negative and p o s i t i v e  f requencies  a r e  symmetric about zero i n  
terms of synodic per iod  b u t  l o s e  t h e  symmetry when co r rec ted  t o  
s i d e r e a l  per iod.  Negative f requencies  do n o t  appear i n  t h e  
periodogram unless  mixed w i t h  one o r  more o the r  per iods .  
I n  t h e  d e s c r i p t i o n  which fol lows we use an abbreviated notation 
t o  r e fe rence  a  spur ious  response. A f i v e  d i g i t  number such a s  12345 
r e f e r s  t o  t h e  response wi th  I = 1, J = 2, K = 3, L = 4, M = 5. 
Commas w i l l  be used i f  an i n t e g e r  exceeds 9 (e.g.  0, 17, 017 
impl i e s  I = 0, J = 17, K = 0, L = 4, and M = 7 ) .  Note i n  Figure 
l a  t h a t  00-101 i s  no t  seen while 00101, i s  t h e  l a r g e s t  response 
of t h e  periodogram, but  t h a t  seven of t h e  t h i r t e e n  i d e n t i f i e d  
responses a r e  negat ive.  
When t h e  periodogram i s  compared t o  spur ious  p r e d i c t i o n s  
t o  o rde r  8 s e v e r a l  l a r g e  peaks remain. However, seven of t h e  
first e i g h t  of  these  a r e  r e a d i l y  assoc ia ted  with J u p i t e r  subharmonies 
t o  h ighe r  order .  For i n s t a n c e  a t  a  s i d e r e a l  frequency of  3.497349 
pHz we f i n d  a  response, presumably t o  001-18 (e.g.  order  '3) 
which i s  35% of t h e  amplitude of t h e  00101 p r i n c i p a l  J u p i t e r  peak. 
Subharmonics 9, 10, 12, 27, 30 and 43 a r e  a l s o  v i s i b l e .  While 
t h e  l a t t e r  may seem implausible ,  i t s  peak coincident  t o  t h e  pre-  
d i c t e d  l o c a t i o n  t o  one t e n t h  t h e  width of t h e  p r i n c i p a l  J u p i t e r  peak 
(00101). Two of t h e s e  l a r g e  peaks a r e  a s  y e t  no t  a s soc ia t ed  with 
spur ious  responses and t h e  search  f o r  such a s s o c i a t i o n s  cont inues.  
The periodogram con ta ins  many smaller  peaks which a r e  not  
e a s i l y  a s soc ia t ed  wi th  known spurious responses.  Often these  a r e  
very  narrow, sometimes a  twe l f th  t h e  width of t h e  p r i n c i p a l  J u p i t e r  
peak, which sugges ts  t h a t  t hese  a r e  responses t o  h igh  o rde r  heterodynes,  
The choice  of l i m i t i n g  o rde r  i s  in t ima te ly  involved i n  t h e  a s s o c i a t i o n  
of t h e s e  peaks. We have seen above t h a t  a  peak of o rde r  43 appears ,  
and t h a t  some peaks of  order  2 do not .  I f  a l l  spur ious  responses 
t o  o rde r  Y3 were ca l cu la t ed ,  t h e  dens i ty  of spurious peaks would 
r i v a l  t h e  number of t r i a l  per iods  and a l l  f e a t u r e s  could be 
a s soc ia t ed  wi th  c lose  ca l cu la t ed  response. The peak d e t e c t i n g  scheme 
used t o  make t h e  ordered l i s t  of ca l cu la t ed  and observed responses 
has  a  v a r i a b l e  s e n s i t i v i t y  such t h a t  i n  t h e  presence of very Large 
responses,  smal l  responses a r e  passed over ,  I n  Fig.  l a  f o r  example 
only f i v e  peaks a r e  saved by t h e  peak d e t e c t i n g  scanner,  whereas 
t h i r t e e n  can be both c l e a r l y  seen and assoc ia ted  wi th  ca l cu la t ed  
spurious responses.  
Since t h e  o b j e c t  of t h i s  s tudy i s  t h e  search  f o r  another  
c o r r e l a t i o n  per iod ,  we must n o t  ignore  any s i g n i f i c a n t  observed 
response. 
An approach more s e n s i t i v e  t o  t h e  smal le r  peaks i s  t o  p l o t  t h e  
e n t i r e  periodogram together  with i n d i c a t i o n  of spurious responses 
a s  has  been done f o r  t h e  smal l  po r t ions  shown i n  t h e  f i g u r e .  Then 
a  spur ious  response genera tor  must be constructed t h a t  w i l l  c a l c u l a t e  
a  few of  Lowest order  responses t h a t  l i e  near  a  given peak. Com- 
par i son  o f  t h e  s t r e n g t h  of such responses t o  o t h e r s  of  s i m i l a r  
o rde r  should he lp  e s t a b l i s h  t h e  c r e d i b i l i t y  of  t h e  a s soc ia t ion .  
F ina l ly ,  t h e  periodogram d i sp lays  some moderate but  very wide 
responses.  These may be due t o  per iodices  i n  t h e  da ta  which a r e  
ou t s ide  t h e  Jovian r o t a t i n g  frame. We have mentioned above t h a t  
t h e  c o r r e c t i o n  f o r  jovocent r ic  r i g h t  ascension of t h e  e a r t h  
in t roduces  a  phase modulation of 0.2 r ad ians  t o  any r o t a t i o n  no t  
a s soc ia t ed  wi th  t h e  J u p i t e r  frame while removing such a  modulation 
from per iods  w i t h i n  t h e  J u p i t e r  frame. The wide moderate responses 
may be caused by non Jovian e f f e c t s .  This should be f u r t h e r  
inves t iga ted  by merely running t h e  periodogram program without 
t h e  phase c o r r e c t i o n  term. 
An i n t e r e s t i n g  f e a t u r e  of t h e  subharmonics of  t h e  p r i n c i p a l  
per iod i s  t h e  v a r i a b l e  r a t i o  of s i d e  band l e v e l .  Figure 2 i s  
a p l o t  of t h e  amplitude of  t h e  responses O O l l m ,  O O l O r n ,  and 001-Lm, 
These a r e  t h e  p r i n c i p a l  per iod ,  and t h e  two s i d e  bands produceci 
by t h e  400 day a p p a r i t i o n  term. A t  low order ,  e.g. m = 1, 2,  3 ,  
4, t h e  p r i n c i p a l  peak i s  c l e a r l y  corninant, while a t  rn 4 t h e  
negat ive  s i d e  band i s  g r e a t e r  than  the  p r i n c i p a l  response and t h e  
p o s i t i v e  s i d e  band i s  no longer  v i s i b l e .  This behavior must a r i s e  
from t h e  d e t a i l s  of  t h e  phase of observat ions wi th in  an a p p a r i t i o n ,  
Since such behavior appears on t h e  p r i n c i p a l  J u p i t e r  response, 
s i m i l a r  behavior i s  n o t  ~ ~ n e x p e c t e d  on o t h e r  responses,  and thus 
while  no t  y e t  demonstrated i n  d e t a i l ,  a t  l e a s t  q u a l i t a t i v e l y  
answers t h e  ques t ion  (Bigg p t  comrn.) of why, if t h e  responses 
proposed t o  be a s soc ia t ed  wi th  s a t e l l i t e  per iods  (Bigg 1969) a r e  
i n  f a c t  due t o  spur ious  responses,  a r e  t h e  oppos i te  4 0 0 ~  s i d e  
bands missing (Douglas & Bozyan 1970). 
Summary 
To reach a f i r m  conclusion regarding t h e  ex i s t ence  of un- 
discovered p e r i o d i c i t i e s  i n  t h e  J u p i t e r  observat ions,  t h e  fol lowing 
extension of periodogram resea rch  should be considered: 
1. A Model should be constructed which p r e d i c t s  wi th  some 
accuracy t h e  amplitude of var ious  intermodulat ion peaks. 
2. The e n t i s e  periodogram should be p l o t t e d  toge the r  w i t h  
t h e  locatTon of  p red ic t ed  spurious responses.  
3 .  A l l  r e m a k i n g  peaks should be submitted t o  an algori thm 
which f i n d s  t h e  n e a r e s t  two o r  t h r e e  1-owest order  spur ious  
responses,  r e g a r d l e s s  of order  and these  should be judged a s  t o  
v a l i d i t y  of  a s s o c i a t i o n .  
4. A proper  two dimensional periodogram should be run about 
all  remaining pe r iods  wi th  observed bu t  u n i d e n t i f i e d  responses.  
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